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Regulation of citrate metabolism by cell pH in
potassium-depleted rat diaphragm
SHELDON ADLER, BARBARA ANDERSON and BARBARA ZETT
Department of Medicine, Monteflore Hospital and the University of Pittsburgh School of Medicine, Pittsburgh,
Pennsylvania
Regulation of citrate metabolism by cell pH in potassium-
depleted rat diaphragm. It is unknown whether metabolic changes
occurring in potassium deficiency are due to altered cell pH or to
decreased tissue potassium. To study this problem intact rat
diaphragms were acutely potassium-depleted in vitro, cell p1-I
was calculated using DM0 distribution and the cell pH and cit-
rate metabolism of these tissues was compared to the same
measurements made in diaphragms not potassium-depleted.
Potassium depletion had no significant effect on either cell pH or
citrate decarboxylation when extracellular pH was 7.40. By con-
trast, in extracellular metabolic acidosis (pH, 6.90), cell pH was
lower in potassium-depleted diaphragms, citrate decarboxylation
was higher and muscle citrate concentration was reduced. How-
ever, in metabolic acidosis, when extracellular pH in diaphragms
not potassium-depleted was made lower than in potassium-
depleted tissue, cell pH became identical in the two groups and
the differences in citrate decarboxylation and citrate concentra-
tion disappeared. Thus, at the same cell pH, citrate metabolism
in muscle was identical despite marked differences in tissue
potassium. These experiments indicate that the changes in
muscle citrate metabolism found in potassium depletion are due
to potassium-induced changes in cell pH and are not due to the
lower tissue potassium concentration itself.
Regulation du métabolisme du citrate par Ic pH cellulaire dans
le diaphragme de rat déplété en potassium. La cause des modifi-
cations métaboliques qui surviennent dans Ia déplCtion en
potassium peut être Ia modification du pH cellulaire ou la
diminution du potassium cellulaire. Afin d'étudier cette ques-
tion, des diaphragmes intacts de rat ont été déplCtCs en potas-
sium in vitro, de maniêre aiguë. Le pH cellulaire a été calculd au
moyen de Ia distribution du DM0, et cc pH cellulaire et le
inétabolisme du citrate dans ces tissus ont dté compares aux
mémes informations obtenues a partir de diaphragmes non
déplétés en potassium. La ddplétion en potassium n'a d'effet
significatif ni sur Ic pH cellulaire ni sur la décarboxylation du
citrate quand Ic pH extracellulaire est de 7,40. Dans l'acidose
métabolique extracellulaire (pH, 6,90), au contraire, le pH
cellulaire est abaisse dans Ic diaphragme déplété, Ia décarb-
oxylation du citrate augmentée et le contenu du muscle en
citrate diminué. Dans l'acidose métabolique cependant, quand
Ic pH extracellulaire des diaphragmes deplétés en potassium est
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rendu inférieur a celui des tissus dépldtés, Ic pH cellulaire
devient identique dans les deux groupes et les differences dans
Ia décarboxylation du citrate et Ic contenu en citrate dis-
paraissent. Ainsi, au méme pH cellulaire, Ic mCtabolisme du
citrate dans le muscle est identique en depit des differences
importantes en cc qui concerne Ic potassium tissulaire. Ces
experiences indiquent que les modifications dans Ic métabolisme
musculaire du citrate observees au cours de Ia depletion en
potassium sont liées aux variations du pH cellulaire induites par
les modifications du potassium et non a Ia diminution du con-
tenu en potassium cellulaire elle méme.
The potassium-deficient state, particularly in the
rat, appears to be characterized by extracellular meta-
bolic alkalosis and accompanying intracellular acidosis
[1—4]. Associated with these acid-base abnormalities
are alterations in renal ammonia and organic acid
metabolism [5, 6]. It has been postulated that these
changes in metabolism are secondary to an altered
intracellular acid-base state [7] but no direct correla-
tion between intracellular pH and metabolic activity
in potassium deficiency has been made. Since both
pH and potassium are potent regulators of metabolism
[8, 9], it is uncertain whether the altered metabolism is
due to changes in intracellular pH or to lowered
cellular potassium concentration.
Because of the difficulty of measuring renal cell pH,
a skeletal muscle preparation using intact rat dia-
phragms was employed. Intact rat diaphragms were
acutely potassium-depleted in vitro and cell pH,
potassium concentration and citrate metabolism,
examined. Citrate metabolism was chosen since it has
been shown to be pH-sensitive in both kidney and
muscle [10, 11] and to be affected by alterations in
potassium concentration [12]. The results indicate that
the changes in muscle citration metabolism induced by
potassium depletion are caused by alterations in cell
pH and not by muscle potassium concentration, itself.
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Methods
Intact diaphragms obtained from 75- to 90-g male
Sprague-Dawley rats were incubated in a modified
Krebs-Ringer bicarbonate solution at 37°C as pre-
viously described [11]. Glucose, 100 mg/l00 ml, was
employed as substrate and 62.5 mg of chioromycetin
was added to each liter of solution to prevent bacterial
contamination. A previously described control system
[13] allowing tissues to be incubated simultaneously in
two boxes was employed. Medium potassium concen-
tration was 5.0 mEq/liter in one box and 0.3 mEq/liter
in the other. Changes in medium pH were obtained by
altering the bicarbonate concentration of the incuba-
tion medium while iso-osmolarity was maintained by
reciprocal changes in chloride concentration. All
media were gassed with a 5.5% C02-94.5% oxygen
gas mixture. '4C-dimethadione (DM0) was added to
each box for calculation of intracellular pH as pre-
viously described [14]. Diaphragms were incubated
for four hours and either removed as previously
described [11] for analysis of water, electrolytes,
citrate and intracellular pH or were employed as will
be described for citrate decarboxylation experiments.
In citrate decarboxylation experiments, the intact
diaphragms, after four hours of incubation, were re-
moved from the incubation medium and hemi-
diaphragms were placed into a specially constructed
25-ml Erlenmeyer flask having a center well containing
a small glass tube. Each flask contained 4 ml of a
carbon dioxide-oxygen saturated Krebs-Ringer bi-
carbonate solution containing 1.0 mEq/liter of potas-
sium. Substrate employed was 1 m'vi acetate and
1 m citrate. In addition, each flask contained 0.5 Ci
of citrate 1,5-'4C (New England Nuclear Co.). The
pH and bicarbonate concentration of the medium in
the flask was similar to that of the previous four-hour
incubation. A potassium concentration of 1.0 mEq/
liter was employed to maintain potassium concentra-
tion differences between depleted and nondepleted
tissue. The flasks were then incubated for 90 mm in a
metabolic shaker at 37°C, and 14C02, collected and
counted as previously described [15]. Results are
expressed as dpm/flask/200 mg. Calculations of this
value have also been described previously [15]. The
production of 14C02 from labeled citrate will, in the
remainder of the paper, be termed "citrate de-
carboxylation".
Analytic methods. Medium pH was measured using
a pH meter (Radiometer) at 37°C. Total CO2 content
was determined manometrically while the partial
pressure of carbon dioxide was calculated from the
pH and CO2 content. Potassium and sodium were
measured on a flame photometer (Instrumentation
Laboratories). Citrate was determined enzymatically
by employing citrate lyase and reading the color
change of NADH at 366 in a spectrophotometer
(Zeiss PMQ) [16]. Radioactivity was determined using
a liquid scintillation counter (Packard). Creatinine
concentration was determined by autoanalyzer while
inulin, as the measure of extracellular space, was
determined colorimetrically as previously described
[13].
Results
Effect of potassium depletion on muscle cell pH. For
study of the relative roles of potassium and cell pH on
citrate metabolism, paired intact diaphragms were
incubated simultaneously for four hours in a modified
Krebs-Ringer bicarbonate solution containing either
4.0 or 0.3 mEq/liter of potassium. Experiments were
carried out at acid, "normal", and alkaline extra-
cellular pH values. Table 1 shows the effect of this
acute potassium depletion on muscle cell electrolytes
and muscle cell pH. It is apparent that in each of the
three extracellular pH conditions incubation of the
tissue in the low potassium concentration bath reduced
the concentration of potassium in cell water by at
least 25%. However, despite the similar decrease in
intracellular potassium concentration demonstrated in
all three conditions, the effect of potassium depletion
on cell pH was variable. Thus, as reported earlier [4],
at "normal" extracellular pH values, cell pH was not
significantly altered; whereas, in both external meta-
bolic alkalosis and external metabolic acidosis,
potassium depletion significantly lowered cell pH. The
greatest effect of potassium depletion on cell pH was
seen in external metabolic acidosis in an extracellular
pH of 6.90. This apparently reflects the decreased tissue
buffering characteristic of potassium-depleted muscle
[2-4].
Effect of potassium depletion on citrate decarboxyla-
tion. After four hours of incubation under the varying
conditions described, hemidiaphragms were obtained
from the intact incubated tissue and incubated for 90
mm in media whose pH and bicarbonate concentra-
tions were similar to those used in the previous four-
hour incubation. Both potassium-depleted and non-
depleted tissues were incubated in a 1 m potassium
bath in an attempt to maintain differences in tissue
potassium concentration between the two groups. To
ascertain whether these differences were maintained
throughout the incubation period, experiments were
carried out in which hemidiaphragms were removed
after 90 mm of incubation and total tissue potassium,
measured. Potassium was lost from both groups so
that tissue potassium concentration was 205 mEq/kg
of dry wt in the nondepleted diaphragms and 121 mEq/
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Table 1. Effect of potassium depletion on muscle cell pH and electrolytes of intact rat diaphragms after four hours' incubation at
different external pH valuesa
Medium,
pH"
Medium, ,nEq/liter Tissue
HCOç K Na4b0
niEq/liter of ICW
Ke
inEqfilter of ICW
K°
mEq/kg of dry wi
pHDMob.c
Acid
N=6
Nondeplete
K-deplete
6.90
6.90
6.3
6.4
5.6
0.3
35.9±9.2"
61.1±7.6
144±10"
102±11
326±18'
218±17
689±0,03d
6.73±0.02
Normal
N=9
Nondeplete
K-deplete
7.45
7.42
t9.8
19.9
5.2
0.4
38.3±11.4"
81.5±13.6
155±9"
107±10
385±14"
251±14
7.15±0.04
7.12±0.03
Alkaline
N=6
Nondeplete
K-deplete
7.67
7.67
35.5
35.7
5.0
0.4
36.5±8.7"
70.7±10.9
139±12"
99±8
326± 18"
232±10
7.22±0.02"
7.16±0.01
a cw, intracellular water; DM0, dimethadione.b Each point represents the mean of the number of determinations listed in the first column.
Mean±saai.
"Statistically significant differences (P< 0.05) between K-depleted and nondepleted tissue within each group.
kg of dry wt in the depleted group. Nevertheless, the
potassium concentration per unit of dry wt was 1.7
times greater in nondepleted than in potassium-
depleted tissue (P <0.001) in each of the three extra-
cellular acid-base states. Intracellular pH could not be
determined on this tissue after the 90-mm incubation
since the presence of cut tissue makes the determina-
tion of cell pH by the weak acid indicator method
unreliable [17}.
After it was demonstrated that potassium-depleted
and nondepleted tissue continue to fall into two
distinct groups despite 90-mm incubation at the same
potassium concentration, the effect of potassium
depletion on citrate decarboxylation was studied. The
results are shown in Table 2. In both metabolic
acidosis and alkalosis, the two conditions in which cell
pH was significantly lowered by potassium depletion
(Table 1), citrate decarboxylation also significantly
Table 2. Citrate decarboxylation by rat hemidiaphragms previously incubated for four hours at
normal (5 mEq/ liter) or low (0.3 to 0.4 mEq/ liter) medium (K+)a
Medium Citrate dcearboxylation
dpm/flaskf 200 mg/90 mm"
Initial pH Final pH K
mEq/iiter"
Acid
Normal 6.85 6.87 0.9 74,604
(N= 7) 2,224
P< 0.005"
Low 6.85 6.87 0.9 86,500
(N= 8) 1,679
Normal
Normal 7.33 7.37 0.8 51,335
(N=lO)
P>0.2"
Low 7.33 7.37 0.8 55,199(N=ll)
Alkaline
Normal 7.55 7.65 1.1 30,048
(N= 8) 949
P< 0.025"
Low 7.55 7.65 1.1 37,740
(N=8) 1,333
a Hemidiaphragms in each group were obtained from a portion of the intact diaphragms shown in
Table I.
b Obtained at the beginning of the incubation.
Each value represents the mean 5EM.
U Obtained using Student's t test.
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Table 3. Effect of muscle cell pH on citrate decarboxylation by normal and K-depleted muscle specimens
incubated at different external pH values
Bath
pH
Bath, mEqiliter Tissue
HCO K K
mEg/liter
PHDMO Citrate decarboxylation°"
dpm/flask/200 mg/90 mm
Normal
(N=7)
6.68 4.7 5.3 147 6.74±0.04 87,300
1,876
K-depleted
(N=7)
7.06° 9.1° 0.3° 108° 6.91 0.06° 76,455°
Normal
(N= 6)
6.65 4.6 5.4 146 6.73±0.03 89,723
2,450
K-depleted
(N=6)
6.94° 6.4° 0.4° 109° 6.76± 0.04 87,508
Normal
(N= 6)
6.64 4.6 5.2 149 6.73 89,159
2,738
K-depleted
(N= 6)
6.91° 6.3° 0.3° 106° 6.77±0.04 88,358
Hemidiaphragms obtained from intact diaphragms previously incubated for four hours and then placed in
a medium with the same pH and HCO3 shown in columns 2 and 3 but with a K concentration of 1.0 mEq/
liter in all flasks.
b Mean SEM.
° Significantly different (P< 0.01) as compared to normal specimens.
differed. In each instance lower cell pH was associated
with a higher rate of citrate decarboxylation. At a
normal external pH, however, the condition in which
cell pH was not significantly decreased by potassium
depletion (Table 1), citrate decarboxylation did not
differ significantly (P> 0.2). Since potassium depletion
was equivalent in all three states (Table 1), it appeared
that cell pH, not potassium content, regulated citrate
decarboxylation in the muscle.
To corroborate this conclusion, the experiments
shown in Table 3 were performed. As before, paired
intact diaphragms were incubated initially for four
hours in normal or low potassium media but in this
series of experiments external pH was lower in the
nondepleted group in an attempt to achieve the same
cell pH in both groups. External metabolic acidosis
was used since potassium depletion demonstrated its
greatest effect on cell pH in this condition (Table 2).
Table 3 depicts three groups of experiments. In the
first, cell pH was higher in the potassium-depleted
diaphragms (P<0.Ol), but in the second and third
experiments cell pH was statistically the same in both
depleted and nondepleted tissue. The portion of
these tissues not used for measurement of cell pH was
removed and incubated as before to determine citrate
decarboxylation rates. Only in the first experiment,
where a significant intracellular pH difference between
pairs occurred, did citrate decarboxylation differ
significantly. Thus, despite marked differences in both
potassium concentration and external pH between
pairs in the second and third group of experiments, no
differences in citrate decarboxylation were found. It
appears, therefore, that cell pH, not external pH or
tissue potassium concentration, directly regulates
citrate decarboxylation. This is best seen in Fig. 1.
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Fig. 1. Relationship of rat hemidiaphragm citrate decarboxylation
to intracellular pH. Each closed circle is the experimental mean of
at least six diaphragms not potassium-depleted while each of the
open circles is the mean of at least six potassium-depleted
diaphragms. These correspond to the findings detailed in Tables
2 and 3. DM0, dimethadione.
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The figure demonstrates that as cell pH increases,
citrate decarboxylation falls. Also, at any one cell
pH value, the rate of citrate decarboxylation is a
function of cell pH and does not reflect the potassium
content of the tissue. Thus, at intracellular pH values
of approximately 6.74, 6.85 and 7.10, citrate decar-
boxylation is the same in potassium-depleted and
nondepleted diaphragms.
Effect of potassium depletion on muscle cell pH and
muscle citrate content. To substantiate the findings of
the decarboxylation experiments, studies were carried
out at acid external pH values to determine whether
the citrate content of intact diaphragms was also
regulated by cell pH. Though concentration may take
longer to alter than decarboxylation, there is the
advantage that both the pH DM0 and citrate
concentration can be determined on the same tissue
at the same point in the experiment. Extracellular
metabolic acidosis was first employed so as to achieve
the maximum effect of potassium depletion on cell
pH. At the end of four hours of incubation, diaphragms
were removed and analyzed for the pH DM0, and
potassium and citrate concentration. The results of
two groups of experiments are shown in Table 4. In
the first group, potassium-depleted and nondepleted
diaphragms were incubated at the same external pH
but cell pH values differed (lower cell pH in the
potassium-depleted tissue). Citrate concentration was
significantly decreased by almost 50% in the dia-
phragms with the lower cell pH. In the second group
of experiments, however, when cell pH was essentially
identical in potassium-depleted and non-potassium-
depleted tissues, muscle citrate concentration was the
same despite significant differences (P .oZ 0.01) in both
extracellular pH and tissue potassium concentration.
To further demonstrate that it is not tissue potassium
concentration but cell pH which determines diaphragm
citrate concentration, intact diaphragms were incu-
bated for four hours at an external pH of 7.38 but at
different external potassium concentrations. The
results are shown in Table 4. Despite the marked dif-
ferences in tissue potassium concentration, neither the
pH DM0 nor tissue citrate concentration differed
significantly. Finally, to show that at a similar tissue
potassium concentration alteration of cell pH affects
tissue citrate concentration, 12 diaphragms were
incubated for four hours at an external pH of 7.11 in a
5.3-mEq/liter potassium bath. Citrate concentration
was significantly lowered to 0.124 imo1es/g (P< 0.01)
when the pH DM0 was 7.01 and tissue potassium
concentration was 328 mEq/kg of dry wt. These
findings indicate that in acute potassium depletion,
diaphragm citrate content, like citrate decarboxylation,
is a function of cell pH and not of extracellular pH or
tissue potassium concentration.
Discussion
Acidity, through its ability to alter enzyme activity,
is a potent regulator of metabolism [8]. As there is
great technical difficulty in measuring intracellular pH
[18], most experiments have examined the effect of
changes in extracellular acidity on metabolism, despite
the fact that the reactions studied take place intra-
cellularly. The assumption has been made, therefore,
that changes in extracellular acidity are accompanied
by similar intracellular pH changes. Adler, Roy and
Relman [14] demonstrated, however, that no such
simple relationship exists. Rather, intracellular acidity
appears to be a complex function of extracellular pH
Table 4. Effect ofpotassium depletion, external pH and cell pH on the citrate content of intact rat diaphragms
Medium
pH°
Medium, mEq/liter Tissue
HCO K K°' b PHDMOb.0 Citrate content b
mEq/kg of dry wt p.moles/g
Acid 6.83 5.3 5.2 294± 15 6.82±0.03 0.082±0.012
SamepH 6.82 5.3 0.4° 193±16° 6.65±0.02° 0.046±0.007
N= 6
Acid 6.68 4.2 5.3 299± 17 6.74±0.03 0.073±0.010
Same PHDMO 6.900 6.7° 0.4° 200±21° 6.72±0.03 0.077±0.007
N= 6
Normal 7.38 22.4 5.3 362±16 7.15±0.04 0.173±0.023
Same pH & PHDMO 7.38 22.1 0.30 239±320 7.13±0.03 0.184±0.031N= 6
° Each point represents the mean of the number of determinations listed in the first column.b Mean SEM.
Significantly different (P< 0.01) as compared to K-depleted specimen.
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dependent upon the particular combination of Pco2
and bicarbonate employed to achieve a single extracell-
ular pH value. This finding is consistent with data
showing varying metabolism at different Pco2/bicar-
bonate combinations though extracellular acidity is
identical. Thus, in an iso-pH system, the lactate pro-
duction of tissue slices [19], glycerol metabolism in
liver [20], and gluconeogenesis of renal cortical slices
[21], varies with the concentration of bicarbonate
employed. One explanation of these data is that car-
bon dioxide and bicarbonate concentration have
differential effects on cell pH. However, Longmire,
Niethe and McDaniel [22], using a perfused rat
liver preparation, demonstrated that even when cell
pH as measured by the DM0 method was constant,
alterations in extracellular bicarbonate concentration
altered glycogen synthesis. These authors postulated
that bicarbonate acted directly on constituent enzyme
systems. An alternative explanation was offered by
Adler, Anderson and Zett [23], who demonstrated that
bicarbonate altered pH heterogeneity in rat diaphragm
muscle. They stated that overall cell pH measured by a
single method might not measure changes of pH in the
region of the cell where a particular reaction occurs.
Due to the presence of pH, heterogeneity in muscle
correlation of cell pH and metabolism is difficult and a
model is needed in which overall cell pH may be altered
without changing overall cell pH heterogeneity. The
potassium-depleted intact rat diaphragm preparation
employed in this experiment has been shown by
Adler, Zett and Anderson [4] to be such a model since
potassium depletion alters cell pH but leaves pH
heterogeneity unaffected. Thus, the present experi-
mental results are not due to changes in pH hetero-
geneity; rather, they show that citrate metabolism in
diaphragm muscle is regulated by cell pH. This suggests
that decreased tissue potassium exerts its effect on
muscle citrate metabolism by changing cell pH and
not by directly entering into the reaction sequence.
Furthermore, the present findings suggest that intra-
cellular, not extracellular, acidity is the prime regu-
lator of muscle citrate metabolism, indicating that the
effect of extracellular acidity on citrate metabolism is
mediated through changes in cell pH. This conclusion
is consistent with the earlier work of Hudson and Re!-
man [24], who demonstrated that rats given acute i.p.
injections of potassium or rubidium chloride devel-
oped an extracellular metabolic acidosis with a con-
comitant rise in both muscle cell pH and citrate con-
centration. Since extracellular acidosis usually lowers
tissue citrate content [15], the rise in muscle citrate
almost certainly was due to the intracellular alkalosis.
The results of the present experiments also lend
support to the hypothesis that renal tubular cell pH
in potassium deficiency is decreased despite the
presence of an extracellular alkalosis [25]. This
hypothesis is based on much experimental evidence.
In potassium deficiency (e.g., renal glutaminase I),
urinary ammonium excretion and renal biocarbonate
reabsorption are increased [5, 26] while renal cortical
slices obtained from potassium-deficient rats show an
increased capacity to convert glutamate and a-
ketoglutarate to glucose [27]. In addition, urinary
citrate excretion is decreased [6]. Each of these re-
sponses is in direct opposition to those ordinarily
found in extracellular metabolic alkalosis, leading to
the postulate that in potassium deficiency there is
decreased pH within renal tubular cells. Though intra-
cellular acidosis has been measured directly in potas-
sium-depleted skeletal muscle [2—4], no direct measure-
ment of renal cell pH or its relation to metabolism in
potassium deficiency has been made due to difficulty in
measurement. Since the present findings show that in
muscle it is intracellular pH, not extracellular pH or
tissue potassium content, which regulates citrate
metabolism, the altered renal citrate metabolism of
potassium deficiency is probably also due to intra-
cellular acidosis. It seems likely that the renal am-
monia, hydrogen ion and gluconeogenic effects are
also caused by lowered renal cell pH but direct experi-
mental confirmation is still lacking.
It has previously been noted [3, 4] that in potassium
deficiency when extracellular pH is elevated muscle
cell pH is essentially normal. The present experimental
results indicate, therefore, that there may be little
alteration in citrate metabolism and other metabolic
reactions in potassium-deficient muscle. The relative
lack of symptoms seen clinically in potassium defi-
ciency, other than those due to changes in membrane
potential [28], are possibly due, therefore, to main-
tenance of cell pH despite decreased tissue potassium
content. However, renal metabolism, as previously
mentioned, is markedly altered in potassium-deficient
animals at a time when muscle cell pH would be
expected to be normal. Struyvenberg, Morrison and
Relman [29] have shown, however, that renal tubular
cell pH is more responsive to extracellular pH change
than is muscle cell pH. A similar differential effect
in the two tissues might also occur in potassium
deficiency and account for the quantitatively different
responses.
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